Searching for space-time variations of the constants of Nature is a promising way to search for new physics beyond General Relativity and the standard model motivated by unification theories and models of dark matter and dark energy. We propose a new way to search for a variation of the fine-structure constant using measurements of late-type evolved giant stars from the S-star cluster orbiting the supermassive black hole in our Galactic Center. A measurement of the difference between distinct absorption lines (with different sensitivity to the fine structure constant) from a star leads to a direct estimate of a variation of the fine structure constant between the star's location and Earth. Using spectroscopic measurements of 5 stars, we obtain a constraint on the relative variation of the fine structure constant below 10 −5 . This is the first time a varying constant of Nature is searched for around a black hole and in a high gravitational potential. This analysis shows new ways the monitoring of stars in the Galactic Center can be used to probe fundamental physics.
Searching for space-time variations of the constants of Nature is a promising way to search for new physics beyond General Relativity and the standard model motivated by unification theories and models of dark matter and dark energy. We propose a new way to search for a variation of the fine-structure constant using measurements of late-type evolved giant stars from the S-star cluster orbiting the supermassive black hole in our Galactic Center. A measurement of the difference between distinct absorption lines (with different sensitivity to the fine structure constant) from a star leads to a direct estimate of a variation of the fine structure constant between the star's location and Earth. Using spectroscopic measurements of 5 stars, we obtain a constraint on the relative variation of the fine structure constant below 10 −5 . This is the first time a varying constant of Nature is searched for around a black hole and in a high gravitational potential. This analysis shows new ways the monitoring of stars in the Galactic Center can be used to probe fundamental physics.
The current understanding of our Universe is based on the theory of General Relativity (GR) and on the Standard Model (SM) of particle physics. While both theories have been extremely successful, they are expected to break down at a certain point. In particular, a breaking of the Einstein equivalence principle is expected in various unification scenarios [1, 2] , in higher dimensional theories [3] , and by some models of dark matter [4, 5] and dark energy [6, 7] . On a more philosophical note, the "principle of absence of absolute structure" led to many developments of extensions of physics where the constants of physics become dynamical entities, explicitly breaking the equivalence principle (see the discussion in section 2 of [8] ).
One way to test the equivalence principle is to search for space-time variations of the constants of Nature such as the fine structure constant α, the mass of fermions and the quantum chromodynamics energy scale (see [9] for a review of the tests of GR and [10] for a review of the search for varying constants). Various experiments using atomic clocks have provided stringent constraints on linear drifts of the constants of Nature at the level of 10 −16 yr −1 [11] [12] [13] [14] [15] [16] [17] [18] , on a dependency of the constants of Nature to the Sun gravitational potential at the level of 10 −7 [14-16, 19, 20] or on harmonic variations of the constants of Nature [21] . A time variation of α has also been searched for using measurements of quasar absorption spectra [22] providing constraint on ∆α/α at the level of 10 −6 for * aurelien.hees@obpsm.fr cosmological redshift up to z ∼ 3. A variation of α has also been constrained at the level of 10 −3 for z ∼ 10 3 using cosmic microwave background measurements [23] and at a similar level for z ∼ 10 10 by a big bang nucleosynthesis analysis [24] . Finally, a dependency of α on the gravitational potential has also been searched for using absorption lines from a white dwarf [25] . Although many searches for a variation of α have been performed, the question of its constancy around a black hole and around a supermassive body remains totally open.
The motion of the short-period stars (S-stars) orbiting around the 4 × 10 6 M supermassive black hole (SMBH) at the center of our Galaxy has been monitored for 25 years by two experiments: one carried out at the Keck Observatory [26] [27] [28] and the other with the New Technology Telescope (NTT) and with the Very Large Telescope (VLT) [29] [30] [31] . Recently, these measurements have opened a new window to probe fundamental physics around a SMBH. Measurements of the short-period star S0-2/S2 have been used to search for a fifth interaction [27, 32] , to measure the relativistic redshift during its 2018 closest approach [28, 30] and to perform a nullredshift test [31] .
In this Letter, we present a novel search for variations of the fine structure constant around a SMBH using spectroscopic measurements from late-type evolved giant stars orbiting Sagittarius A * (Sgr A * ). This is the first search for a varying α around a compact object (the compactness of a celestial body can be characterized by Ξ = GM/c 2 R with R the body's radius) and very massive object, exploring a new region in the pa-rameter space ( Fig. 1 ). Probing the gravitational interaction in such a region is important to test for theories which exhibit screening mechanism in the solar system (see e.g. [6, 33, 34] ) or for theories that exhibit a scalarization mechanism around a black hole [35] . Using spectroscopy, we can very precisely measure the wavelengths of atomic lines, which can be used to measure potential variations in the the fine structure constant. The spectroscopic observable is given by
where λ j (z, α) is the measured central wavelength of an absorption line j at the GC for a value of α potentially different from the one on Earth α 0 while λ j (0, α 0 ) is the wavelength for the same line measured in the lab. In this expression, z is the traditional Doppler shift (which includes the Newtonian velocity along the line of sight and the relativistic corrections on the redshift) and the last term encodes the impact due to a variation of α on the measurements. This term depends directly on k α,j , the sensitivity of the transition j to α and defined by
where ν j = c/λ j is the frequency of the absorption line j.
Late-type evolved stars are particularly useful for such an analysis because their cool atmospheres result in spectra that contain many strong atomic absorption lines which helps to maximize the number of different lines available for this analysis. Also importantly, their spectra contain lines that are related to atomic transitions with different sensitivity to α (the difference between the k α coefficients are of the order of 1). In comparison, the more well studied young early-type S-stars such as S0-2 have atmospheres that are very hot, so their Near-Infrared (NIR) spectra contain only a few H and He absorption. Unfortunately, H and He lines have nearly the same sensitivity to α (the difference between the k α coefficients are of the order of 10 −5 ) making these lines insensitive to the effect of variations in α.
In this work, we focus on 5 late-type giants in orbit around the supermassive black hole: S0-6, S0-12, S0-13, S1-5 and S1-23, see Fig. 2 and [36] . These are among the closest late-type stars to the black hole (0.4 to 1.5 arcseconds in projection) with NIR spectroscopic measurements. Observations of these stars include imaging data from Keck Observatory and spectroscopic data from Gemini North, Keck Observatory and Subaru telescope. The imaging data include both speckle imaging from the Near-Infrared Camera (NIRC) instrument (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and adaptive optics data from the Near-Infrared Camera 2 (NIRC2) instrument (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) . Details of the data reduction are given in [28] . NIR spectra were obtained with the Near-Infrared Integral Field Spectrometer (NIFS) instrument on Gemini North for the stars S0-6, S0-12, S0-13, and S1-5 using the K-band filter (0.95 to 2.40 µm) at a spectral resolution R = λ/∆λ = 5000. We use spectra of these stars taken on May 13 and May 22, 2018. Additional spectroscopy of the star S0-6 was obtained using the Infrared Camera and Spectrograph (IRCS) instrument from Subaru. We use the the order 26 spectrum (2.16 to 2.22 µm) at a resolution of R = 20,000 (down-sampled to R = 15000) for this work. Details of the data reduction for IRCS is given in [37] and [38] . Spectroscopy of the star S1-23 was obtained using the NIRSPEC instrument with laser-guide-star adaptive optics at Keck Observatory at a spectral resolution R =20,000. NIRSPEC was used in echelle mode with the K-filter. We use Orders 34 (2.24 to 2.27 µm) and 35 (2.18 to 2.21 µm) for this work. Details of the data reduction for the NIFS data and NIRSPEC data are given in [28] and [39] , respectively. All the NIFS, IRCS and NIRSPEC spectra have signal-to-noise ratios (SNR) greater than 20 in order to measure individual lines.
We identified a number of strong and sufficiently isolated absorption lines for this experiment (Fig. 3 ). In total, we measure 3 atomic lines from stars with NIFS spectra, 6 atomic lines with IRCS spectra, and 10 atomic lines from the NIRSPEC spectra (Tab. I). The higher spectral resolution from NIRSPEC compared to NIFS allows us to use more lines. We use a Gaussian fit to determine the central wavelength of each atomic transition and a Monte Carlo simulation to estimate the uncertainty. The fitted lines and uncertainties are reported in Sec. II from the Supplemental Material [40] .
To determine the sensitivity coefficients k α for each absorption line used in this study, we perform ab initio calculation of the spectrum for each element by solving the Dirac Hamiltonian in flat spacetime (curvature corrections are subdominant) and then compute k α by a finite difference. The spectra are computed using a combination of the configuration interaction (CI) method with many-body perturbation theory (MBPT) [41] [42] [43] [44] the AMBiT software [45] . The full details of the calculations are presented in Appendix A; here we just outline briefly the main aspects of the method. The effective wavefunctions for a M -valence atom are expanded as a series of M -body Slater-determinants, where the expansion coefficients are found variationally by minimizing the energy (CI method). To greatly improve the accuracy, the effects of core-valence electron correlations are also included into the valence wavefunctions. This is done by modifying the effective Hamiltonian for the valence states using MBPT before the CI procedure is performed. Finally, to calculate the k α coefficients, we explicitly make small variations into value of the fine structure constant (α → α ± δα) in the code before the equations are solved. Bayesian inference is used to estimate ∆α/α from the measurements and Eq. (1). The measurement errors for each line are assumed to be independent and to be normally distributed such that the full likelihood is the product of the individual likelihoods
where the subscript j refers to a particular line. Uniform priors for ∆α/α and for z are used and Gaussian priors are used for the sensitivity coefficients k α,j with a mean value and an uncertainty quoted in Tab. I. We use the MULTINEST sampler [47] to sample the posterior probability distribution function. All the epochs are fitted simultaneously but offsets between the different instruments or filters are taken into account (this results in different fitted velocities for each instrument or filter). No significant deviation of the fine structure constant is detected for any of the stars considered in this analysis. The posterior probability distributions for each star [46] . The sensitivity to the fine structure constant kα is computed from ab initio calculation using the AMBIT software [45] , see the discussion in Appendix A. The last column indicates which instrument has been used to measured each line with: (a) NIFS spectrograph, (b) IRCS spectrograph, (c) NIRSPEC order34, (d) NIRSPEC order35.
Lower
Upper
can be found in Sec. IV from the supplemental material [40] and the 68% confidence intervals are reported in Tab. II. The constraints derived from the NIRSPEC measurements are one order of magnitude better than from the NIFS instrument due to the better spectral resolution and more atomic lines observed with NIRSPEC.
TABLE II. 68% confidence interval for ∆α/α and for z estimated from different stars. An estimation of the gravitational potential U at the location of the star is also provided (see Sec. III from the supplemental material [40] ). For S0-12, S0-13 and S1-5, two NIFS measurement epochs are combined with 3 absorption lines per epoch. S0-6 has been observed with NIFS and IRCS (each instrument has a different wavelength solution which reflects in an offset in their estimated z value) providing 9 lines. S1-23 has been observed with two different filters (each filter has a different wavelength solution which reflects in an offset in their estimated z value) providing 10 absorption lines. Star
A fit combining all the stars using a global likelihood (see Sec. IV from the supplemental material [40] for more details) provides a constraint of
between the GC and Earth. This constraint is at the
Example spectra of the stars used in this work. Left: Spectrum of the star S0-6 observed using the NIFS spectrograph with a spectral resolution R = 5000. We have identified 3 lines that are suitable for the fine structure constant analysis. Center & Right: Spectra of the star S1-23 observed with the NIRSPEC instrument with R = 20,000. This higher spectral resolution allows us to identify 10 atomic lines for use in this experiment.
same level of magnitude as the ones obtained from quasar observations and is the first constraint on a possible variation of α around a BH.
In several alternative theories of gravitation, the fine structure constant becomes dependent on the gravitational potential (see e.g. [48] ) and it is useful to consider the following parametrization
where U is the Newtonian potential, c the speed of light in a vacuum and where β α depends on the fundamental parameters of the theory. An estimate of the gravitational potential probed by the 5 stars considered in this analysis is required in order to constrain the β α parameter. We infer the radial acceleration experienced by the stars using 25 years of astrometric measurements of the GC. Between 1995 and 2005, speckle imaging data provides astrometric diffraction-limited measurements of the central 5" × 5" of the GC [26, 28, 49] . Between 2005 and 2018, adaptive optics (AO) imaging provides high-resolution images of the central 10"× 10" of the GC [26, 28] . AO allows for more efficient observations at the diffraction limit, resulting in measurements typically one order of magnitude better than speckle observations. These astrometric measurements are aligned [50] in a common reference frame defined by tying infrared observations of seven SiO masers [51, 52] to their radio counterpart [53] . The resulting 2-D position measurements of the 5 stars considered in our analysis are provided in the Sec. III from the supplemental material [40] . A polynomial fit of these measurements give an estimate of the 3D radial acceleration of these stars which is transformed into an estimate of the gravitational potential using the the SMBH mass M = 3.975 × 10 6 M reported in [28] . The estimate of the gravitational potential experienced by each star is reported in Tab. II. A fit combining the measurements from the 5 stars and using the estimate from the gravitational potential from Tab. II leads to
at 68% confidence level. No deviation from GR is reported. This result is 8 orders of magnitude less constraining than a similar constraint obtained with atomic clocks around the Sun [20] and one order of magnitude less constraining than a similar result obtained around a white dwarf [25] . Nevertheless, this is the first time such a measurement is performed around a BH and around such a massive object (see Fig. 1 ). Such a measurement is particularly appropriate to constrain the presence of a scalar field around a BH, which can naturally be enhanced in theories exhibiting BH scalarization mechanism, see e.g. [35, 54] .
In conclusion, we propose a new method to search for a variation of the fine structure constant around a SMBH. Using existing measurements from NIFS spectrograph at GEMINI, from IRCS spectrograph from Subaru and from the NIRSPEC spectrograph at the Keck Observatory, we report a constraint on ∆α/α below 10 −5 and a dependency of ∆α/α on the gravitational potential at the level of 10. This is the first time such a search has been performed around a compact object, around a BH or around such a massive object (∼ 4 × 10 6 M ), see Fig. 1 . The results reported in this Letter could be improved by dedicated measurement sessions using high resolution spectrograph to measure spectrum of late-type stars closer to the GC. For example, a dedicated measurement of S0-6's spectrum using NIRSPEC could improve the limit on β α by one order of magnitude. Furthermore, it is expected that future spectrographs with advanced AO systems such as KAPA at Keck [55] would be able to measure spectrum of fainter late-type stars that are orbiting close to the GC (like e.g. S0-38/S38 [26] ), allowing us to improve significantly the current constraints (by up to 4 orders of magnitude) and allowing one to probe the fine structure constant in a higher gravitational potential. Finally, after the search for a fifth force [27, 32] , the relativistic redshift measurement of the star S0-2/S2 [28, 30] and a null test of the local position invariance using S0-2/S2 measurements [31] , this analysis gives a new example of implications of GC measurements in term of fundamental physics.
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The atomic transition frequency can be expressed as
where ω 0 is the nominal (observed laboratory) transition frequency, x parameterizes the variation in α:
and q is the sensitivity factor. Assuming the variation in α is small, q can be determined from the derivative of ω to first-order around x = 0. In practice, this is done by calculating the relevant transition transition frequencies and explicitly allowing the value for α to vary inside the code (i.e., choosing small, non-zero values for x, denoted ±δx). Then, we have
We take values between δx = 0.05 and 0.1. Multiple values are used to check for non-linearities. Note that none of the atomic systems considered here have particularly high sensitivities (large q values), so no non-linear effects are expected, and indeed none are observed. Much larger sensitivities can be found, e.g., in highly charged ions with large nuclear charges [56, 57] . In general, δx must be taken small enough so that the linear requirement of (A3) is valid, but must also be large enough for the variation δω to avoid numerical errors.
Note that q has energy units. It is convenient to further define a dimensionless sensitivity factor, k α , defined via
which is linked to q as
For the infra-red transitions considered in this work, ω 0 is small compared to optical transitions from the ground state. This manifests as an apparent enhancement in the magnitude of k; however, we note that this is partly compensated for by the uncertainty in the measurement of the observed frequencies (see also discussion in Ref. [58] ).
Method for calculation
We use a method that is based on the combination of the configuration interaction (CI) method with manybody perturbation theory (MBPT) [41] . The CI method accurately takes into account the valence-valence electron correlations, while the inclusion of MBPT allows an accurate treatment of the core-valence correlations. The specific method we employ was developed in Ref. [45] , see also Refs. [42] [43] [44] . This implementation allows systems with a large number of valence electrons to be calculated accurately with reasonable computational resources. Other CI methods for large valence systems have also proved successful [59, 60] .
The details of the method are presented in the above references, here we just give a brief overview. The effective Hamiltonian for system of M valence electrons is written asĤ
whereĥ 1 is the single-electron part of the Dirac Hamiltonian (in atomic units, e = m e = = 1),
andĥ 2 is the two-electron part,
In the above equations, γ and γ 0 are Dirac matrices, c = 1/α is the speed of light, V nuc. ≈ Z/r is the nuclear potential (formed assuming a Fermi-type nuclear distribution), and V N −M is the Hartree-Fock core potential, formed from the N − M core electrons (N is the total number of electrons). TheΣ terms are the correlation potentials, calculated to the second order in perturbation theory, without which the above equations would correspond to the conventional CI method. The single electron correlation potentialΣ 1 represents the interaction of a single valence electron with the atomic core, andΣ 2 , a twoelectron operator, represents the screening of the valencevalence Coulomb interaction by the core electrons (see Refs. [41, 43, 61] for details). Effective three-body MBPT contributions as introduced in Ref. [62] are also included. For the systems considered here they make a reasonably small contribution, but do improve the accuracy.
The M -body CI wavefunctions are expanded as linear combinations of sets of M -body configuration functions (Slater determinants) that conserve a given J z -parity symmetry,
The c expansion coefficients and CI energies are then found from the CI matrix eigenvalue problem a a|Ĥ|b − Eδ ab c a = 0.
(A10)
Many of the non-diagonal terms in the above matrix contribute negligibly. In the "emu CI" approach [45] , some of these terms can be neglected from the calculations, which greatly reduces the number of integrals that need to be calculated and stored for the CI matrix. The configuration functions are themselves formed from a set of single-particle basis orbitals, φ. These orbitals (which are also used to calculate the MBPT diagrams) are constructed using a potential that is formed by solving the Hartree-Fock equations self-consistently for a subset of the atomic orbitals. In theory, with a complete enough basis, if all MBPT diagrams are calculated and the CI procedure converges, the choice of potential doesn't matter. In practice, both the CI and MBPT parts are calculated approximately using a finite basis, and the choice of potential has a significant impact on the convergence of the calculations. One common choice is to use the same V N −M potential as in Eq. (A7), where the HF equations are solved for the closed-shell core electrons excluding all valence electrons. Another is the V N −1 potential, which corresponds to solving the HF equations including all but one of the electrons, and in general will involve partially-filled open shells.
The V N −M potential is convenient for evaluating the MBPT diagrams [63] , while V N −1 potential has the advantage of producing more realistic orbitals, allowing the CI expansion to converge more quickly. Many of the states considered in this work lie relatively high in the spectrum. In this regime, the core-valence correlation effects become less important, and the accuracy is mainly controlled the convergence of the CI part of the problem. We use the V N −M potential for the two valence electron systems (Ca). For the other systems with more valence electrons, we use the V N −1 potential which allows faster convergence of CI. Calculations including q factors for some of the lower-lying states of Ca were presented in Ref. [64] , and our calculations are in good agreement with those.
We treat silicon (3s 2 3p 2 , 3 P 0 ground state) as a two valence system, with the 3s 2 orbitals remaining in the core. We then allow single and double hole excitations into this 3s sub-shell, using the particle-hole formalism described in Ref. [42] . Note that the sign of the r −1 ij term in Eq. (A8) becomes negative for electron-hole interactions. The affect of this is that some of the configuration functions are two-body, while others are four and six-body functions. Since the configurations that include the 3s 2 shell intact dominate the CI expansion, this method allows a significant reduction in the size of the CI matrix, while not neglecting the excitations of the 3s orbitals, which are nonetheless important.
For iron (3d 6 4s 2 5 D 4 ground state), which has 8 valence electrons, we employ a restricted version of the method. We use the V N −1 potential, and allow only single excitations from specific reference configurations relevant to this work (3d 6 4s 2 for the even states, and 3d 6 4s4p for the odd states). We treat the 4s 2 shell as though it were in the core, and allow single hole excitations into this shell. Further, we do not include MBPT corrections (core-valence electron correlations). This is a reasonable approximation, since the valence-valence electron correlations (treated at the CI level) dominate for systems with a large number of valence electrons. Some calculations for iron, including for the q sensitivities were presented in Ref. [65] , though not for the particular states of interest for this work. We find that the q factors are rather sensitive to configuration mixing; the same conclusion was found in Ref. [65] . However, we find quite good agreement with experimental energies, and reasonable agreement between the q values found in this work and those of Ref. [65] (our q values are systematically around ∼ 20-30% larger). Conservatively, we assume a large 40% uncertainty for all iron q values, taking into account the spread of calculated q values using different CI basis expansions.
We use a different approach for sodium, which has a single valence electron above a closed-shell core. Namely, we employ the correlation potential method [66] , in which the single-particle correlation potential is included into the Hartree-Fock equations
which are solved self-consistently for each of the relevant valence orbitals (which, when calculated this way, are known as Brueckner orbitals). This is the same Hamiltonian as in Eq. (A7); note that V N −M = V N −1 for M = 1. Again, the correlation potential is calculated to second-order in perturbation theory, though we note that it is possible to significantly improve the accuracy by using an all-order method [67] . Including Σ into the selfconsistent Hartree-Fock equations in this way effectively includes some classes of diagrams to all-orders [66] . Calculations of q-factors for the 3p and 4p states of sodium (referenced to the 3s ground state) were calculated in Ref. [68] , using the same method employed here. In this work, we are interesting in transitions involving the 4s state.
Uncertainty in q
We estimate the uncertainty in each q value by taking into account both the errors in the energy-level determination, and the spread (stability) of the q values as calculated with differing approximations (for example, by using a smaller basis for CI). In most cases, the q values for each level are found to be rather stable, and can be calculated with relatively high accuracy (∼ 1-10%). The uncertainty in the q values for the transitions of interest to this work, however, can be significantly larger. This is because we consider transitions between states that are relatively high in the spectrum, and have similar q values (leading to cancellation errors).
Results
Calculations of the energy levels, Landé g-factors, and δα sensitivity q-factors are shown for Y, Fe, Ti, Sc, Ca, Si, and Na in tables III through X. The q values are calculated with respect to the ground state. The g-factors are useful for identifying states. We don't present calculated g-factors for the lighter elements (Z ≤ 20), since they do not vary significantly from the non-relativistic values. Table XI shows the q and k sensitivities for the specific transitions of interest for this work. 
